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Executive summary

Technological advances in the biological sciences have long presented a challenge to
the governance frameworks that focus on biosecurity and preventing the proliferation
of biological weapons. Advances in biotechnology have, for example, made the
manipulation of the genetic make-up of organisms—from bacteria to humans—
faster, cheaper and easier. However, these developments often interact with or are
enabled by other technologies, including by those categorized as ‘emerging’. This
process of convergence of recent developments in biotechnology with other emerging
technologies holds tremendous promise but also increases the possibilities for misuse
of biotechnology and for the proliferation of biological weapons. Specifically, the
convergence of technological developments could affect the development, production
or use of biological weapons and thereby challenge governance approaches that aim
to prevent the proliferation of biological weapons to both states and non-state actors.

Advances in three specific emerging technologies—additive manufacturing (AM),
artificial intelligence (AI) and robotics—could facilitate, each in their own way, the
development or production of biological weapons and their delivery systems. This could
be by enabling the automation of developmental or production steps that previously
required manual manipulation or analysis by a human. They could also provide new
possibilities for biological weapon use and increase the exposure of digitized biological
data and operating parameters to cyberattacks. All three technologies are difficult to
control, not least due to their dual-use nature, their digitization, and the fact that they
are mainly developed by the civilian and private sectors. However, the impact of these
technologies on the engineering of biological weapons and their delivery systems
should not be exaggerated, as the expertise required to exploit these technologies for
the purpose of developing and producing biological weapons remains significant and
continues to pose a barrier to most actors.

The 1972 Biological and Toxin Weapons Convention (BTWC) is the central
governance instrument for biological arms control. It is complemented by—or
implemented through—a whole range of instruments, including export and import
control measures; legislation, guidelines or standards on biosecurity and biosafety;
regulations for the transportation of dangerous goods; and mechanisms to monitor
relevant technological developments. However, the existing governance mechanisms
provide only limited and often indirect coverage of the applications of AM, AT and
robotics. The governance frameworks either have not used, or cannot fully use,
their potential to explore connections between biotechnology and these emerging
technologies. Treaty regimes and other governance instruments typically interact
with each other much less than the respective technologies that they cover. An
overarching question when viewing governance in the field of biosecurity through
the lens of technological development and convergence is therefore how to better
connect the relevant governance mechanisms. There is a lack of understanding of
these technologies, the associated risks and their potential impact on the activities,
transfers or behaviour governed by the existing frameworks. Dealing with
developments in science and technology is far from a new issue. However, measures
to address their impact must keep up with the dynamics of current developments.
Therefore, improvements to governance instruments need to address the structural
factors and new characteristics of new technologies that have a possibly significant
impact through convergence with biotechnology.

The main conclusion is that, while new developments in these three emerging
technologies could have an enabling effect in different steps of the development and
use of biological weapons, the existing governance frameworks are ill-equipped to
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comprehensively address these risks. To improve the ability to govern the convergence
of biotechnology with other emerging technologies, concrete steps could be taken by
national governments, regional organizations such as the European Union (EU) and
international institutions, and by academia, the private sector and the DIY community.

National governments should more systematically assess technological
developments, map domestic stakeholders, make use of parliamentary assessment
mechanisms, increase resources for relevant authorities, and strengthen research
on the detection, prevention, response and attribution of biological incidents. The
EU should enhance engagement with the biotechnology industry and biosafety
associations in the context of dual-use risks.

The BTWC regime should reform some of its elements, including its working
practices and stakeholder engagement, and create a BTWC Scientific Advisory Board.
It could also raise the issue of convergence on its agenda and better address the
potential for misuse of commercial biotechnology and emerging technologies.

Academic institutions should introduce obligatory courses on ethics, law and
biosafety in all natural science curriculums, encourage work on interdisciplinary
technology assessments and further strengthen the collaboration between national
academies of sciences, particularly on addressing risks resulting from technological
convergence. The private sector should continuously strengthen its self-governance
and compliance standards. The DIY community could organize workshop series on
biosecurity for community laboratories and strengthen international efforts to foster
responsible science and biosecurity awareness.



1. Introduction

Technological advances in the biological sciences have long presented a challenge to
international and national governance frameworks, particularly those geared towards
preventing the proliferation of biological and chemical weapons and other biological
risks such as the accidental release of pathogens. The United Nations Secretary-
General’s disarmament agenda published in 2018 raises specific concerns about ‘the
ability of new technologies to ease barriers to the access and use of prohibited weapons,
such as may be the case with synthetic biology and gene editing’.! Recent advances in
biotechnology—such as those that make it faster, cheaper and easier to manipulate
the genetic make-up of organisms, from bacteria to humans—interact with or are
enabled by other technologies, including those that are often categorized as ‘emerging
technologies’ (see box 1.1).2 This report analyses this interactive process: the trends for
convergence between biotechnology and other technologies (see box 1.2).

Discussions on the convergence between advances in biotechnology and established
fields of science and technology, such as chemistry, computer science or engineering,
have long informed debates on developments in science and technology, among others
in the framework of the 1972 Biological and Toxin Weapons Convention (BTWC).3
However, the existing governance architecture around the BTWC has been shown to
have a limited ability to comprehensively review and appropriately address the risks
and challenges arising from the speed and complexity of technological advances in
particular areas.

More recently, the convergence of biotechnology with emerging technologies—
including additive manufacturing (AM, often also referred to as 3D printing), artificial
intelligence (AI) and robotics—has become a particular focus since these technologies
hold tremendous promise but also increase the possibilities for misuse of biotechnology
and the proliferation of biological weapons.* However, analyses and reporting by
popular media, industry outlets and, to some extent, academic publications, tend
to either over- or underestimate the current applications, capabilities and risks
of new developments in biotechnology. These reports often cite advanced gene-
editing techniques such as clustered regularly interspaced short palindromic repeats
(CRISPR), but also other major emerging technologies such as AM or robotics.

This report provides a detailed and balanced analysis of the risks and challenges
posed by the convergence of recent developments in biotechnology with other
emerging technologies. It focuses on the impacts on arms control, non-proliferation
and international security, given that the technological developments potentially have
wide-ranging implications in these areas. Specifically, the report explores how the
convergence of technological developments could affect the development, production
or use of biological weapons and could thereby challenge the governance approaches
that aim to prevent the proliferation of biological weapons to both states and non-
state actors. It focuses on the convergence of biotechnology with three emerging
technologies: additive manufacturing, artificial intelligence and robotics. These
technologies cover arange of production-, automation- and analysis-related capabilities

1 United Nations, Office for Disarmament Affairs, Securing Our Common Future: An Agenda for Disarmament
(United Nations: New York, 2018), p. 52.

2 Lentzos, F., ‘Strengthen the taboo against biological and chemical weapons’, Bulletin of the Atomic Scientists,
26 July 2018.

3 Convention on the Prohibition of the Development, Production and Stockpiling of Bacteriological (Biological) and
Toxin Weapons and on their Destruction (Biological and Toxin Weapons Convention, BTWC), opened for signature
10 Apr. 1972, entered into force 26 Mar. 1975, United Nations Treaty Series, vol. 1015 (1976).

4 Hart, J. and Trapp, R., Science and Technology and Their Impacts on the Biological and Toxin Weapons Convention: A
Synthesis Report on Preparing for the Seventh Review Conference and Future Challenges (SIPRI: Stockholm, Dec. 2011),
pp. 24-25.


https://front.un-arm.org/documents/SG+disarmament+agenda_1.pdf
https://thebulletin.org/2018/07/strengthen-the-taboo-against-biological-and-chemical-weapons/
https://treaties.un.org/doc/Publication/UNTS/Volume 1015/volume-1015-I-14860-English.pdf
https://treaties.un.org/doc/Publication/UNTS/Volume 1015/volume-1015-I-14860-English.pdf
https://www.sipri.org/sites/default/files/Science-Technology-Impacts-Biological-Toxin-Weapons-Convention.pdf
https://www.sipri.org/sites/default/files/Science-Technology-Impacts-Biological-Toxin-Weapons-Convention.pdf
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Box 1.1. Emerging technologies

Emerging technologies are usually understood to have new elements that display disruptive potential but
have not yet developed their full potential.? The ‘disruptive potential’ depends on the specific technology
and industry as it can mean a variety of changes. These include offering new, previously unavailable
capabilities, replacing existing machines or manual labour, changing global supply chains, restructuring
industries, revolutionizing or making obsolete certain classes of weapon systems. It generally represents a
shift from a prevailing paradigm.b

Emergingtechnologies arerapidly developing, are usually at the centre of targeted research and development
efforts, and are increasingly being adopted by economically and militarily important industries.
International arms control and non-proliferation frameworks have usually not developed agreed technical
standards to define the qualities of emerging technologies that raise proliferation concerns but that lack
a conclusive common risk assessment.? Technologies routinely placed in this category include additive
manufacturing, artificial intelligence, biotechnology, quantum technology and robotics.®

Although the term ‘emerging technologies’ is in common usage and is used in this report, it has limitations,
particularly in the arms control context. The qualification ‘emerging’ is commonly taken to refer to the
technology as such, which by definition is always developing and not standing still, while in this report it is
used to refer to emerging applications of that technology, in particular in the military and security context.

@ On the different definitions of ‘emerging technology’ see Rotolo, D., Hicks, D. and Martin, B. R., ‘What is an
emerging technology?’, Research Policy, vol. 44, no. 10 (Dec. 2015), pp. 1827-43, p. 1831.
See e.g. Brimley, S., FitzGerald, B. and Sayler, S., Game Changers: Disruptive Technology and U.S. Defense
Strategy (Center for a New American Security: Washington, DC, Sep. 2013), pp. 4, 11.
¢ Brockmann, K., ‘Drafting, implementing, and complying with export controls: the challenge presented by
emerging technologies’, Strategic Trade Review, vol. 4, no. 6 (spring/summer 2018), pp. 5-28, pp. 7-8.
Brockmann (note c).
€ See e.g. US Department of Commerce, Bureau of Industry and Security, ‘Review of controls for certain
emerging technologies’, Federal Register, vol. 83, no. 223 (29 Nov. 2018), pp. 58 201-202.

that form part of what is commonly termed the fourth industrial revolution.’ They
provide clear cases where technological advances at the interface with biology are
most likely to have a significant impact on biosecurity and biological arms control, and
they are generally perceived to be key emerging technology areas.

This report continues in chapter 2 by exploring the interaction of biotechnology with
AM, AT and robotics, considering the current state of each technology, and identifying
the developments and trends most relevant to the proliferation of biological weapons.
Chapter 3 briefly introduces the existing treaties, institutions and other frameworks
that govern biological arms control. It then analyses the extent to which the existing
governance frameworks address the risks and challenges identified in chapter 2 and
the areas where new policy approaches may be needed. Chapter 4 summarizes the key
findings and conclusions and outlines policy recommendations for the most relevant
stakeholders and governance frameworks.

5 Schwab, K., The Fourth Industrial Revolution (Penguin: London, 2017).


https://doi.org/10.1016/j.respol.2015.06.006
https://doi.org/10.1016/j.respol.2015.06.006
https://www.cnas.org/publications/reports/game-changers-disruptive-technology-and-u-s-defense-strategy
https://www.cnas.org/publications/reports/game-changers-disruptive-technology-and-u-s-defense-strategy
https://strategictraderesearch.org/wp-content/uploads/2018/11/Strategic-Trade-Review-SpringSummer-2018.pdf
https://strategictraderesearch.org/wp-content/uploads/2018/11/Strategic-Trade-Review-SpringSummer-2018.pdf
https://www.govinfo.gov/content/pkg/FR-2018-11-19/pdf/2018-25221.pdf
https://www.govinfo.gov/content/pkg/FR-2018-11-19/pdf/2018-25221.pdf
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Box 1.2. Convergence

There is no agreed definition of the concept of ‘technological convergence’. While some definitions focus on
the merging of several technologies into a new discipline, others stress the novel character of the conduct of
science and the interactions of technology that transcend interdisciplinarity.?

For the purpose of this report, convergence describes a process with different degrees of intersection,
interaction and alignment of technologies and scientific conduct that result from technologies and
disciplines moving closer together. However, this neither presumes the direction of the process nor does it
predict that these technologies will necessarily merge.

While chemistry and biology are commonly understood to have reached a high degree of convergence,
other technologies are intertwined to lesser degrees. Partial overlaps and limited interaction only lead to
convergence in specific applications of the latter technologies.

Convergence is therefore best understood as a spectrum that covers the different degrees of this process,
which is bound to be continuously evolving, as are the technologies that are part of it. For example, three-
dimensional printing of biological materials is aligning additive manufacturing with tissue engineering,
which is increasingly referred to as bioprinting.

@ Bajema, N. E., “WMD in the digital age: understanding the impact of emerging technologies’, Emergence &
Convergence Research Paper no. 4, National Defense University, Oct. 2018, pp. 15-17; Coenen, C., Konvergierende
Technologien und Wissenschaften: Der Stand der Debatte und politischen Aktivitdten zu »Converging Technologies«
[Convergingtechnologies and sciences: the state of the debate and political activities on “converging technologies™],
Biiro fiir Technikfolgen-Abschitzung beim Deutschen Bundestag (TAB) Background Paper no. 16 (TAB: Berlin,
Mar. 2008), with English summary; and National Academies of Sciences, Engineering and Medicine, Biodefense in
the Age of Synthetic Biology (National Academies Press: Washington, DC, 2018).



https://wmdcenter.ndu.edu/Portals/97/181025 ENC4.pdf
http://www.itas.kit.edu/pub/v/2008/coen08a.pdf
http://www.itas.kit.edu/pub/v/2008/coen08a.pdf
http://www.itas.kit.edu/pub/m/2008/coen08a_summary.htm
https://doi.org/10.17226/24890
https://doi.org/10.17226/24890

2. The convergence of advances in biology and
emerging technologies

Biotechnology is generally defined as the field of study that seeks to exploit biological
processes for industrial, medical or other production purposes, such as the genetic
manipulation of microorganisms for the production of antibiotics.® Advances in
biotechnology promise significant benefits to society in general, including specific
biosecurity benefits in terms of supporting surveillance, detection, prevention and
response to pathogens.” Yet they also raise significant concerns (see box 2.1).

Advances in biotechnology are expanding the techniques available to modify
genes and organisms at a staggering pace, making it easier to make pathogens more
dangerous. Disease-causing organisms can now be modified to, for instance, increase
their virulence, expand their host range, increase their transmissibility or enhance
their resistance to therapeutic interventions. Scientific advances have also made it
theoretically possible to create entirely novel biological weapons in a number of ways
(see box 2.2): by synthetically creating or recreating existing, extinct or entirely new
pathogens; by modifying the immune system, nervous system, genome or microbiome;
by weaponizing ‘gene drives’ that could rapidly and cheaply spread harmful genes
through animal and plant populations; and by delivering pathogens and biological
systems by novel means. These developments are discussed in detail elsewhere.?

This chapter outlines some of the key security challenges that arise where advances
in biotechnology intersect with the emerging technologies of additive manufacturing,
artificial intelligence and robotics. These three technologies are predominant in
contemporary discussions of technologies with emerging military applications.
Their impact on international security, including in relation to biological weapons,
is often either underestimated or exaggerated and requires clarification. Several
other technologies, including nanotechnologies, would also match these criteria,
but discussing them in depth is beyond the scope of this report. The broad range of
possible applications of these three technologies in the development and production
of biological agents and their delivery systems illustrates the risks and challenges that
governance frameworks need to address.

For each of the three emerging technologies, the following sections introduce
the current state of the art, the impact on and interconnection with biology and
biotechnology, and the opportunities and challenges posed for biosecurity and the
proliferation of biological weapons. The final section then compares these risk profiles
and provides an overview of the common types of challenge and risk that governance
frameworks need to address.

6 0xford Dictionaries, ‘Biotechnology’, Oxford University Press.

7 Watson, C. et al., Technologies to Address Global Catastrophic Biological Risks (Johns Hopkins Center for Health
Security: Baltimore, MD, Oct. 2018).

8 World Economic Forum (WEF), The Global Risks Report 2019, 14th edn (WEF: Geneva, 2019), pp. 44-53;
Kirkpatrick, J. et al., Editing Biosecurity: Needs and Strategies for Governing Genome Editing (Institute for Philosophy
and Policy et al.: Dec. 2018); National Academies of Sciences, Engineering and Medicine, Biodefense in the Age of
Synthetic Biology (National Academies Press: Washington, DC, 2018); InterAcademy Partnership (IAP), Assessing the
Security Implications of Genome Editing Technology, Report of an international workshop, Herrenhausen, Germany,
11-13 Oct. 2018 (IAP: Washington DC, 2018); Royal Society and National Academy of Sciences, Sackler Forum 2015:
Trends in Synthetic Biology and Gain of Function and Regulatory Implications (Royal Society: London, Sep. 2016); and
InterAcademy Partnership (IAP), The Biological and Toxin Weapons Convention: Implications of Advances in Science
and Technology (IAP: Dec. 2015).


https://en.oxforddictionaries.com/definition/biotechnology
http://www.centerforhealthsecurity.org/our-work/pubs_archive/pubs-pdfs/2018/181009-gcbr-tech-report.pdf
http://www3.weforum.org/docs/WEF_Global_Risks_Report_2019.pdf
https://editingbiosecurity.org/editing-biosecurity-1
https://doi.org/10.17226/24890
https://doi.org/10.17226/24890
http://www.interacademies.org/File.aspx?id=43255
http://www.interacademies.org/File.aspx?id=43255
https://royalsociety.org/~/media/policy/Publications/2016/sackler-report-09-2016.pdf
https://royalsociety.org/~/media/policy/Publications/2016/sackler-report-09-2016.pdf
http://www.interacademies.org/File.aspx?id=30343
http://www.interacademies.org/File.aspx?id=30343
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Box 2.1. Key trends in biotechnology and implications for security

Key trends in biotechnology

. Substantial investments required, but once discoveries are made they become reproducible almost
immediately and at minimal cost

«  Easier access to the knowledge, tools and components for creating living organisms
. Amateurs, DIY scientists and other new actors entering biosciences
*  Rapidly evolving toolbox to modify genes and organisms (e.g. CRISPR)

. Convergence with other areas of science and technology (e.g. chemistry, engineering, computer
science)

«  Digitization and automation of biological experiments, production and data

Implications for security

. Novel biological weapons

*  Easier for a larger range of people to misuse the science

. New misuse potential through convergence with other emerging technologies

»  Larger attack surface and increased vulnerabilities that could be exploited to cause harm?

+  Expanding grey area between permitted defensive activities and banned offensive activities

e Harder to detect and attribute use of biological weapons

@ Kirkpatrick, J. et al., Editing Biosecurity: Needs and Strategies for Governing Genome Editing (Institute for
Philosophy and Policy et al.: Dec. 2018).

Source: Lentzos, F., Poster presentation, ‘2019. Capturing Technology. Rethinking Arms Control’
conference, Berlin, 15 Mar. 2019.

Biology plus additive manufacturing

What is additive manufacturing?

Additive manufacturing, often referred to as 3D printing, is an emerging technology
that has generated both positive hopes (particularly its applications in medicine)
and negative publicity (e.g. regarding 3D printed guns) in recent years. It is
frequently characterized as a ‘disruptive technology’ or as a ‘game changer’.® AM
has the potential to decentralize production capabilities, reduce the necessity for
physical transportation of goods and deskill aspects of manufacturing.’® Some of the
technological developments in AM are still in their infancy, while others have already
matured to the extent that they are commonly deployed in commercial settings. As
such, it is necessary to consider both the current and the projected impact of the
resulting risks, as well as the urgency with which they need to be addressed by the
relevant governance instruments.

AM describes a broad category of advanced automated manufacturing techniques.
It can produce objects of virtually any shape or form by depositing layer upon layer
of material and fusing them together using a variety of techniques, such as liquefied
extrusion, inkjet printing, stereolithography, sintering, and laser or electron beam
melting (see figure 2.1).1! Compared to most subtractive manufacturing technologies,
which cut away excess material from a larger block, less material is lost with AM since
it involves assembling material. In addition, AM promises to produce complex parts,
resulting in products that are lighter and consist of fewer individual components
than those built using established manufacturing processes. One of the particular

9 Brimley, S., FitzGerald, B. and Sayler, S., Game Changers: Disruptive Technology and U.S. Defense Strategy (Center
for a New American Security: Washington, DC, Sep. 2013), pp. 14-15.

10F o Bromley, M., Brockmann, K. and Maletta, G., ‘Controls on intangible transfers of technology and additive
manufacturing’, SIPRI Yearbook 2018: Armaments, Disarmament and International Security (Oxford University Press:
Oxford, 2018).

1 For a comprehensive overview of AM techniques see German Bundestag, Committee on Education, Research and
Technology Assessment, ‘Technikfolgenabschitzung (TA): Additive Fertigungsverfahren (3-D-Druck)’ [Technology
assessment (TA): additive manufacturing (3D printing)], Drucksache no. 18/13455, 29 Aug. 2017, pp. 60-70.


https://www.cnas.org/publications/reports/game-changers-disruptive-technology-and-u-s-defense-strategy
http://dip21.bundestag.de/dip21/btd/18/134/1813455.pdf
https://editingbiosecurity.org/editing-biosecurity-1
https://rethinkingarmscontrol.de
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Box 2.2. Defining a biological weapon
In general, a biological weapon consists of a weaponized biological agent and a delivery system.

The weaponization of an agent—that is, selecting, designing, developing and manipulating an agent for
a specific (usually military) purpose—should be distinguished from simply using biological materials,
including pathogens or toxic agents, for malicious ends.? Weaponization seeks to ensure the effectiveness
of a biological weapon by obtaining a suitable pathogen that can infect the target and cause illness or death
after dissemination, without being affected by environmental conditions or being significantly mitigated by
medical treatment and biodefence measures.

A delivery system for a biological weapon is a device that facilitates the appropriate dissemination and
dispersion of the agent in a way that makes the target susceptible to its effect. Examples of dissemination
include use of a spray tank on an aeroplane for area denial, injection of an agent, possibly covered in a
capsule or pellet, or use of a handheld spray for targeted killings. In the case of aerosol dispersion, the
effectiveness depends on ensuring that particles of the agent are of the right size to be absorbed by the
target’s respiratory system.

Itis often more helpful to consider biological weapon capabilities—whether a state is in a position to threaten
or perpetrate a biological attack—rather than actual possession and stockpiles.b A distinction between an
actor having biological weapons and having access to weapon-related technologies that enable a biological
weapon programme is therefore key to risk assessment and control efforts. These capabilities can be gained
not only by operating an offensive weapon programme, but also from legitimate biodefence activities, life
science research, and the industrial development and formulation of biological agents: the processes and
knowledge required for each are often difficult to distinguish.

@Zanders, J.P.,‘Assessingtherisk of chemical and biological weapons proliferation to terrorists’, Nonproliferation
Review, vol. 6, no. 4 (fall 1999), pp. 17-34, pp. 18-19.
Bohm, E. and Lentzos, F., ‘Technical briefing note on developments in science and technology and governance
in relation to biological weapons’, Unpublished briefing paper, SIPRI, Nov. 2018.

advantages of AM is its ability to produce objects that are hollow or that have precise
cavities or channels in an otherwise solid part. For example, the ability to build precise
cooling channels has made it a particularly attractive technology for the manufacture
of motors and even rocket engines.'?

The convergence of AM and synthetic tissue production techniques into what is
oftenreferred to as bioprinting is one of the most promising techniques for regenerative
medicine.”® Bioprinting has the potential to print anything from living tissue to entire
organs. In contrast to the materials used as feedstock in other AM machines, such
as plastics, metals or other inanimate materials, bioprinting involves the added
complexity of using living cells that are highly sensitive to environmental conditions,
their growth and differentiation factors, and the particularities of the construction of
tissues.™

In bioprinting, the biological materials, or bioinks, are deposited using, for example,
small nozzles to achieve precisely layered arrangements of cells and support structures.
These then grow into functional tissue based on the cells’ own biological processes
and the addition of growth factors.’® A number of AM techniques that are also
applied with plastics, metals and other materials have been adapted for bioprinting.
For example, hydrogel bioinks can be deposited by extrusion or in droplets using
an inkjet. Stereolithography—which uses photoinduced polymerization to solidify
a precise pattern of a liquid resin by exposure to, for example, ultraviolet light—can
be used to build precise porous scaffolds for tissue engineering.’s The capabilities of

12 Brockmann, K. and Bauer, S., ‘3D printing and missile technology controls’, SIPRI Background Paper,
Nov. 2017, pp. 6-8; and Aerojet Rocketdyne, ‘Aerojet Rocketdyne successfully tests engine made entirely with additive
manufacturing’, 23 June 2014.

13 Chowdhury, H., ‘Liver success holds promise of 3D organ printing’, Financial Times, 5 Mar. 2018.

14 Murphy, S. V. and Atala, A., ‘3D bioprinting of tissues and organs’, Nature Biotechnology, vol. 32, no. 8 (Aug. 2014),
pp. 773-85,p. 773.

15 German Bundestag (note 11), pp. 43-44.

16 Miller, J. S. and Burdick, J. A., “Editorial: special issue on 3D printing of biomaterials’, ACS Biomaterials Science &
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Figure 2.1. Selected additive manufacturing techniques

Source: Miller, J. S. and Burdick, J. A., ‘Editorial: special issue on 3D printing of biomaterials’, ACS Biomaterials
Science & Engineering, vol. 2, no. 10 (Oct. 2016), pp. 1658-61, p. 1658.

these AM techniques vary according to their suitability for different types of tissue
and the tissue-construction techniques used, particularly depending on the support
structures and matrices used to simulate or scaffold cell tissue structures.

Three main components of AM are key to its capabilities and therefore also the
elements considered for control: (@) the AM machines; (b) the AM feedstock materials;
and (¢) the digital build files that provide the information on the object to be printed.

AM machines are usually multipurpose machines. The image of a rather simple
desktop device, as implied by the often-used term ‘3D printer’, is somewhat
misleading when used to describe the entire range of contemporary AM techniques
and production machines. There are vast differences in the product range and
performance characteristics, size and technical sophistication between inexpensive
desktop printers using plastics, bioprinters using bioinks and the often large machine
centres that house AM machines that use metal feedstock.

The materials used as feedstock in different AM techniques include polymers,
metals (such as steels and alloys), high-strength carbon fibres, bioinks and a range
of specialized corrosion-resistant superalloys. Commercially available bioinks can
contain cells, biocompatible materials and 